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ABSTRACT 


Experimental static aerodynamic data for six configurations of the 
Apollo/Saturn V launch vehicle are presented. Tests were conducted at 
six different facilities op 0.3366, 0.9, and/or 4 percent scale models at 
Mach numbers ranging from 0.5 through 7.81, at angles of attack ranging 
from -4 through +20 degrees , and for Reynolds numbers ranging from 
0.5 X 10® through 8.0 x 10® based on vehicle reference diameter. AH 
configurations were tested at a roll angle of zero degrees, and some were 
also tested at +45 and +90 degrees roll angle. Correlation of dat,a from 
the different tests was reasonably good except where the force balance 
was not properly matched to the configuration and, in one case, where 
protuberance effects were not correctly simulated with the smallest model 
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TECHNICAL MEMORANDUM X-53770 

RESULTS OF SEVERAL EXPERIMENTAL INVESTIGATIONS 
OF THE STATIC AERODYNAMIC CHARACTERISTICS 
FOR THE APOLLO/ SATURN V LAUNCH VEHICLE 

SUMMARY 


Experimental static aerodynamic data for six configurations of the 
Apollo-Saturn V Launch Vehicle at roll angles of 0, +45, and/or +90 degrees 
are presented. These data, which were needed to complement preliminary 
small-scale model data, were obtained from six wind tunnel tests on 0.3366, 
0.9, and/or 4.0 percent scale models. Although six-component force data 
were obtained during each test, only longitudinal stability and axial 
force coefficients are presented, because other coefficients are small 
and are thus of secondary interest. Test conditions span a Mach number 
range from 0.5 through 7.81, an angle-of-attack range from -4 through 
+20 degrees, and a Reynolds number range from 0.5 x 10® through 8.0 x 10® 
based on reference diameter. 

Results show that the small scale model data from MSFC agree well 
with data from the larger models and tunnels except for one case on the 
smallest size model where the effects of base flow deflectors on forebody 
axial force coefficient was not correctly simulated, thus indicating the 
need for caution in using this scale model to determine the effects of 
small external protuberances. 

The correlation of data from all the tests -- even gradients near 
zero degrees for the high angle-of-attack tests -- is within acceptable 
limits for most purposes except when the force balance was not properly 
matched to the configurations without fins and shrouds. 


I. INTRODUCTION 

The Saturn V, the largest U. S. launch vehicle under development, 
is, with the Apollo capsule mounted, over 363 feet long, weighs approxi- 
mately six million pounds with fuel, and generates 8.7 million pounds of 
thrust in its first three stages. In Project Apollo, the Saturn V will 
launch 280,000 pounds into an earth orbit. Then from the earth parking 



orbit, the 95,000-pound spacecraft, including the LEM, SM, and CM, will 
be injected into the proper trajectory to proceed with its mission of 
lunar exploration. 

This report presents experimental, static aerodynamic data for the 
flight configuration of the Apollo-Saturn V launch vehicle. These data 
were obtained to complement previous experimental data which had been 
obtained primarily on smaller scale models, without protuberances, and 
in many cases on preliminary configurations. (A bibliography of previous 
Saturn V static aerodynamic reports is included.) Six- component force 
data obtained in each of the six wind tunnel tests were reduced to coef- 
ficient form including C^, Otio, Cy, Cn and C^. However, the latter 

three, which for the Apollo-Saturn V vehicle are quite small compared 
to the first three, are of secondary interest, and are not included in 
this report. They can be found — at least in tabulated form -- in 
references 11, 13, 15, 16, and 22. Data were obtained on the six dif- 
ferent test configurations presented in figure 1. 

The first test was conducted during June 1966 in the Cornell 
Aeronautical Laboratory 8-foot Transonic Wind Tunnel. Data were 
obtained on a 0.9 percent scale model over a Mach number range from 
0.5 through 1.3 and over an a range from -4 through +10 degrees. The 
a, range was limited so that balance sensitivity would provide more 
accurate data resolution near zero degrees. 

In the second tes t, conducted during July 1966, in the Arnold 
Engineering Development Center 40-inch Supersonic Tunnel "A", the same 
0.9 percent scale model was tested over a Mach number range from 1.5 
through 5.9, and over an ct range from -4 through +10 degrees. The pri- 
mary objective was, again, accurate data resolution near zero degrees 
angle of attack. In the third test conducted during August 1966, in 
the Ling-Temco-Vought 4-foot High Speed Wind Tunnel, the same 0,9 per- 
cent scale model was tested over a Mach number range from -4 through 
+22 degrees. Its purpose was to extend the angle of attack range and 
to run limited checks on the effect of Reynolds number variations. 

Concurrently with the above test, a fourth test using a 0.3366 per- 
cent scale model was conducted in the Marshall Space Flight Center 
14- inch Trisonic Wind Tunnel over a Mach number range from 0.5 through 
4.96, and over an a range from -4 through +16 degrees. This test was 
conducted to check for tunnel interference and model scale effects in 
the MSFC 14- inch TWT which has been used extensively for preliminary 
Saturn V testing. Another objective was to obtain data on some special 
configurations to aid in the analysis of protuberance effects. Those 
data may be found in reference 16. 
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The fifth test was conducted during October 1966 in the Arnold 
Engineering Development Center 12-inch Hypersonic Tunnel "E", using 
the same 0,3366 percent scale model tested at MSEC over a Mach number 
range from 5,0 through 7,8, and over an a range from -4 through +12 
degrees. These data were obtained to extend the Mach range of available 
data. 


The sixth and final test was conducted during November 1967 in the 
Arnold Engineering Development Center Transonic 16-foot Propulsion Wind 
Tunnel (16T). A 4.0 percent scale model was tested over a Mach number 
range from ,6 through 1.3 and over an a range from -3 through +16 degrees 
to determine Reynolds number effect on the aerodynamic characteristics, 
particularly at high angles of attack, and to obtain pressure data in 
the tailbarrel region, particularly on the fins and shrouds. Only the 
force data from this test are presented in this report. 

Data are first presented by facility. Then they are combined into 
summary plots for comparison. The principal objectives of this report 
are as follows: (1) To present an accurate, complete set of Apollo- 

Saturn V experimental static aerodynamic force data -- including the 
effects of major protuberances -- which will complement previous experi- 
mental data obtained primarily on smaller scale models without protuber- 
ances; (2) to point out problems encountered during each test which may 
be reflected in the data and misunderstood by those not familiar with 
test details; (3) to compare data obtained at various facilities with 
different scale models or, in two cases, with the same scale model; 
and (4) to show the effect of Reynolds number variation on the aerodynamic 
characteristics in the transonic Mach number range. 

Because questions have arisen concerning the magnitude of the 
accuracy band required for the aerodynamic design curves (which were 
derived from these and other experimental data), a secondary objective 
of this report is to compare the design curves and current accuracy 
bands with the several representative sets of data presented in this 
report and thereby to indicate their validity in regard to experimental 
data variations. 


II. TESTS 


A. ' Model Descriptions 


A sting-mounted 0.3366 percent scale model with all major protuber- 
ances was tested in the MSEC 14- inch wind tunnel and the AEDC/VKE 12-inch 
tunnel "E". Two separate aft bodies were available so that data could 
be obtained with and without fins and shrouds. The model was also 
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segmented and had extra noses so that the LES abort and CM abort con- 
figurations could be tested if desired. The model was mounted on a 
removable sleeve which was attached to the sting-balance combination. 
Different sleeves were provided for testing at MSEC and AEDC Tunnel "E" 
because the sleeve for the latter test had to adapt to an AEDC water 
jacket. A model installation photograph is shown as Figure 4. 

A s ting -mounted 0.9 percent scale model with all major protuberances 
was tested in the CAL 8-foot, AEDC "A" 40-inch, and the LTV 4-foot wind 
tunnels. All protuberances, fins, and shrouds were removable. The body 
was segmented so that various configurations, including the S-IC alone, 

SM abort, CM abort, and LES abort could be tested if desired. S-IC 
engine bells were also available if needed. A model installation 
photograph is presented as Figure 3. 

A sting-mounted 4.0 percent scale model with all major protuberances 
was tested in the AEDC/PWT 16T tunnel. All protuberances, fins, and 
shrouds were removable. The model was a combination force and pressure 
model. The tailbarrel, fins, and shrouds were instrumented with 720 pres- 
sure orifices. The model cavity and base were instrumented with 38 pres- 
sure orifices [18]. A model installation photograph is presented in 
Figure 5. 


B. Test Facilities 

1, Cornell Aeronautical Laboratory (CAL) 8-Foot Transonic 
Wind Tunnel 

This facility was selected for the principal transonic test 
because a statistical analysis of data on similar models from several 
facilities showed that the data from the CAL Tunnel had the smallest 
accuracy band. This facility is a continuous flow, closed-circuit 
tunnel. The test section, a removable cart, has a perforated throat, 
walls constructed of perforated plate, and an auxiliary pumping system 
for plenum pumping. An operating range from one-sixth to two and one- 
half atmospheres in total pressure provides a wide range of test Mach 
numbers and Reynolds numbers. During model changes, two gate valves 
isolate the test section from the tunnel proper, making it necessary 
to bring only the test sphere to atmospheric conditions. The angle- 
of-attack sector operates in the pitch-pause mode. A most accurate 
method was used for determining the model angle of attack by installing 
electrolytic bubbles inside the model, thereby eliminating the necessity 
to correct for sting-balance deflections and sting- joint hysteresis. 
Accuracies of ±0.02 degrees are possible with this system. Other 
methods of determining a are available if needed. A remote roll 
mechanism is also available. 


4 



2. AEDC/VKF 40-Inch Supersonic Tunnel "A" 

This facility is a continuous, closed-circuit, variable density 
tunnel with Mach number range from 1,5 to 6,0, Mach number can be varied 
from 1,5 to 4,0 in increments of 0,25 and from 4,0 to 6,0 in increments 
of 0.50, The nozzle control system allows setting interpolated contours 
for intermediate Mach numbers. Models are generally mounted on a sector 
which rotates in the horizontal plane, providing angular displacements 
from -5 to +15 degrees with a straight sting. Maximum tunnel stagnation 
pressures from 29 to 200 psia are available at Mach numbers 1.5 and 6.0, 
respectively. Minimum operating pressures are less than one-tenth of 
maximum. Below Mach 5, the tunnel is normally operated with a stagnation 
temperature of 100°F. This temperature can be raised to a maximum of 
300°F, The absolute humidity of the tunnel can be maintained below 
0.0001 pounds of water per pound of air by large capacity silica gel 
driers [3 , 6] . 

3. LTV 4-Foot High Speed Wind Tunnel 

This facility is an atmospheric exhaust, blowdown wind tunnel 
with a Mach number range from 0.20 to 4.0, The angle-of-attack sector 
can be operated over a range from -13 to +23 degrees in either a con- 
tinuous pitch mode or a pitch-pause mode. The tunnel circuit uses both 
supersonic and transonic test sections. For supersonic operations, a 
single peak variable diffuser is placed downstream of the supersonic 
test section. For transonic operation, the variable diffuser is removed 
from the circuit and replaced with a porous wall (22.5 percent porosity), 
transonic test section. The model is located approximately 11 feet 
farther downstream for transonic testing than for supersonic testing. 

The transonic plenum is pumped by ejector action of the main tunnel 
airstream acting on controllable ejector flaps located downstream of 
the test section [22]. 

4. MSFC 14-Inch Trisonic Wind Tunnel 

This facility is an intermittent, trisonic, blowdown tunnel 
operated from pressure storage to vacuum or atmospheric exhaust. There 
are two interchangeable test sections. The transonic section permits 
testing at Mach numbers from 0.20 through 2.50, and the supersonic sec- 
tion permits testing at Mach numbers from 2.74 through 5.84. A hydrau- 
lically controlled vertical pitch sector downstream of the test section 
provides a total angle-of-attack range of ±10 degrees with a straight 
sting. Air temperature can be controlled from ambient to approximately 
180°F [15]. 
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5. AEDC/VKF 12-Inch Hypersonic Tunnel E 

This facility is an intermittent, blowdown (exhaust to vacuum) 
wind tunnel with a Mach number range from 5 to 8. Models are usually 
supported from the rear by stings attached to a vertical sector. The 
angle-of-attack sector can be varied over a range of ±13 degrees. An 
automatic angle-of-attack programming control system is provided. Within 
a core 7.5 inches in diameter and 20 inches long, the flow distribution 
is uniform within about ±1 percent in Mach number at each of the four 
nominal Mach numbers [5, 6, 7 and 8], On the centerline over the same 
20-inch length, the flow distribution is uniform within ±0.2 to ±0.5 per- 
cent depending on Mach number and pressure levels. Air temperatures up 
to 940°F, adequate to prevent mainstream liquefaction, are obtained from 
the electric heater which forms a part of the tunnel [3]. 

6. AEDC/PWT 16-Foot Transonic Wind Tunnel 

This facility is a continuous flow, closed-circuit wind tunnel 
capable of operation at Mach numbers from .5 to 1.6 and stagnation pres- 
sures from approximately 100 to 4000 psf. Stagnation temperatures are 
automatically controlled within ±1°F of the set temperature through the 
normal range from 90° to 120°F. The angle-of-attack sector operates in 
a pitch-pause mode. The removable test section is 40 feet long and 
16 feet square with 6 percent porosity walls. Plenum suction is used 
for removing air through the test section wall to prevent choking in the 
transonic range [9], 


C. Test Conditions and Procedures 


1, General 

Nominal test conditions at each facility are presented in 
Table 1. Rnq versus M are presented in Figure 6 and compared to a typical 
Apollo-Saturn V full scale trajectory curve. Model aerodynamic forces 
were measured with a s ix- component, internal strain gage balance at each 
facility. Data at each facility were corrected, where necessary, for 
model weight tare and for sting-balance-strut deflections. Roll angle 
variations were made by holding the balance stationary and rolling the 
model relative to the balance for each different roll angle. All data 
are presented in this non-rolling body axis system, and are referenced 
to the S-IC gimbal station which was approximated to be 10 inches (full 
scale) aft of the base of the vehicle. 
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2. CAL 8-Foot TWT 


Configurations 1, 2, 3 and 4 were tested at ^ = 0° and +45°. 
Configurations 1 and 4 were tested at = +90° also. The model was 
pitched in the vertical plane, and the a sector was operated in a pitch- 
pause mode. Model a was determined with an electrolytic potentiometer 
bubble pack located inside the model so that no corrections for sting- 
balance-strut deflections or for sting-joint hysteresis were necessary. 
Four base pressures measured just aft of the balance, in the model cavity, 
were used to determine CA]^* Several runs were made with two boundary 
layer total pressure rakes located in the fin-shroud region to determine 
the boundary layer profile in that area; and schlieren photographs were 
also made of the aft portion of the model at a = 0 and +10 degrees for 
most Mach numbers. These data may be found in reference 17. 

3. AEDC 40-Inch Tunnel A 

Configurations 1 and 4 were tested at 0 = 0 degrees. The model 
was pitched in the horizontal plane, and the a sector was operated in 
the pitch-pause mode. Base pressure measurements made in the model 
cavity were used to compute CA]^- Trajectory Reynolds numbers could not 
be simulated at all Mach numbers, but boundary layer trips were placed 
on the nose of the LES to prevent possible laminar separation on the LES 
at the higher Mach numbers. The model flow field was observed with a 
schlieren system, and photographs were taken at several Mach numbers. As 
expected before the test, a reflected shock impinged on a small section 
of the tailbarrel at Mach number 1.53. However, the data were only 
slightly affected (see section III). More information on this and other 
aspects of this test may be found in reference 11. 

4. LTV 4-Foot HSWT 

Configuration 1 was tested at ;^ = 0, +45 and +90 degrees; and 
configurations 5 and 6 were tested only at 0 = 0 degrees. The model was 
pitched in the vertical plane, and the a sector was operated in the con- 
tinuous pitch mode. The pitch rate was approximately 1.75 degrees per 
second, and data were sampled at 5 samples per second. The large center 
of pressure shift and reduced load range caused by removing the fins and 
shrouds from the model produced some unfavorable model dynamic and load 
resolution problems for configurations 4 and 5, which resulted in 
increased data scatter near a = 0 degrees. The balance was moved 5.5 
inches forward in the model for most of configuration 5 runs and this 
seemed to alleviate the problem somewhat. Two base pressures were meas- 
ured in the model cavity and used to compute C^^. Two other pressure 
measurements were made on the sting at the base of the model, but were 
used for monitoring purposes only. Further information on this test can 
be found in reference 23. 
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5. MSFC 14- Inch TWT 


Configurations 1 and 4 were tested at 0 = 0, +45 and 90 degrees. 
The model was pitched in the vertical plane and the a sector was operated 
in the pitch-pause mode. was computed from base pressures measured 

on the sting at the base of the model. 

At Mach numbers from 3 to 5, boundary layer trips are normally 
used, in this facility, on the nose of the LES to induce boundary layer 
transition and thereby prevent laminar flow separation. Experience has 
shown that this technique is required to simulate expected conditions 
for the full-scale vehicle since tunnel limitations make it impossible 
to simulate Saturn V trajectory Reynolds numbers. However, during this 
test the trips were inadvertently omitted. Resulting effects are dis- 
cussed in section III. 

Data obtained on some special configurations to aid in analysis 
of protuberance effects may be found in reference 16. 

6, AEDC 12- Inch Tunnel E 

Configurations 1 and 4 were tested at 0 = 0 degrees. Configura- 
tion 1 was tested also at j2^ = 0, +45 and +90 degrees. The model was 
pitched in the vertical plane and the a sector was operated in the pitch- 
pause mode. Trajectory Reynolds numbers were simulated at all Mach 
numbers except Mach 5, where the model was run with boundary layer trips 
on the nose of the LES to prevent possible laminar separation on the LES. 
CAb determined from base pressures measured on the sting just inside 
the base of the model. The balance was cooled with a water jacket which 
extended over the length of the balance, and the forward end of the sting 
was water-cooled internally. Balance temperatures were monitored during 
the test. Some difficulty was experienced in shielding the water lines 
from flow impingement when the fins and shrouds were removed. These 
effects are described in section III. Other details of this test may 
be found in reference 11. 

7, AEDC 16-Foot Transonic Wind Tunnel 

Configuration 1 was tested at ^ = 45 degrees. The model was 
pitched in the vertical plane, and the a sector was operated in the 
pitch-pause mode. The angle of attack was measured with an alpha meter 
located inside the model so that no corrections for sting-balance-strut 
deflection were necessary. Reynolds number variations (see Table 1) 
were made by varying P^. Thirty-eight base pressure measurements in 
the model cavity and on the base of the model were used to compute C^^ . 
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Although not Included in this report, 720 pressure measurements 
were made on the tailbarrel, fins, and shrouds at all of the even angles 
of attack. Those data, along with more detailed information on this 
test, can be found in references 14, 19, and 20, 


III. RESULT OF. TESTS 


A, Variation of Normal Force Coefficient with 

Angle of Attack and with Pitching Moment Coefficient 

1. General 

Figures 7 through 21 presents the vs a and Cmg vs curves 
for each configuration tested. The following comments can generally be 
applied to all configurations tested except as stated, 

2. C]^ versus a 

These curves show that Cr increases smoothly with increasing a. 
Because of tunnel flow angularity, fin-shroud misalignment, and protuber- 
ance asymmetry, the curves do not usually pass through zero. Data are 
generally linear over ± 2 to 4 degrees. However, at Mach numbers 7,12 
and 7,81, the linear region decreases to approximately ±1/2 degree. 

This effect results from a forward movement of the laminar separation 
point on the LES, and is discussed in some detail in reference 3, 

At angles from approximately 3 to 12 degrees, Cj;[ varies non- 
linearly with CL for all configurations. For configurations with fins 
and shrouds, and to a lesser extent, those with shrouds, but without 
fins, an "underlinear" trend is seen at 3 g a ^ 12 degrees from Mach 
numbers 0.8 through 1.2 This trend is attributed to a reduction in fin- 
shroud lift efficiency with increasing angle of attack which is gradually 
offset by increased normal force from the S-IC system tunnels and viscous 
cross forces. The effect is seen in total vehicle aerodynamics by causing 
the total vehicle normal force coefficient to be underlinear and by mov- 
ing the center of pressure forward as the angle of attack is increased 
[18], The pressure data discussed in references 14, 19, and 20 provides 
more detailed information on the causes of this trend. 

At angles of attack greater than 10 to 12 degrees, the viscous 
cross forces become more significant and the gradients increase notably. 
Gradients over this a range tend to vary less with Mach number than do 
the gradients near zero degrees a. It may be noted that the gradients 
over this region do tend to increase very slightly up to Mach number 1.6 
and then to decrease slightly with increasing Mach number. 
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Notable problem areas include the -1 and -1/2 degree data points 
in the data from the CAL facility, which, for all configurations tested 
at CAL, deviate from the expected linear trend. Since all configurations 
were similarly affected, including those without protuberances, without 
fins, and without fins and shrouds, model asymmetry does not seem to be 
the cause. A possible cause common to all configurations is the bubble 
pack used to measure the angle of attack. Each angle is measured by a 
different bubble unit so that any malfunctioning unit would be in error 
for all configurations; therefore, the bubble pack is considered to be 
the most likely cause of erratic data at the angles in question. 

Careful examination of the data from the AEDC tunnel at Mach 
number 1.53, presented in Figure 11(a), reveals a slight "hump" from 
a = 3 to 5 degrees which results from the reflected shock mentioned in 
section II. Erratic data at Mach numbers 2,99 and 5.91 on Figure 11(a) 
and at Mach number 5.91 on Figure 12(a) are caused by data resolution 
problems resulting from very low loads at these Mach numbers. 

As explained in section II, data resolution problems near zero 
degrees a were also experienced at LTV, particularly for the configura- 
tions without fins and shrouds, because of the reduced loads and the 
large shift in the center of pressure. Therefore, an undesirable amount 
of scatter was present in these data. This was also true to a lesser 
extent for the data obtained qt MSFC. 

3. Cm versus C^ 

O 

These curves are linear through zero over a region correspond- 
ing with approximately ±4 degrees angle of attack. Above this linear 
region. Cm increases nonlinearly with increasing Cn- For configurations 
with fins and shrouds, gradients over the region corresponding with 
4 g CX ^ 10 degrees increase, compared with those near zero, from Mach 
number .5 through 1,6, remain almost the same at Mach 2.0, and decrease 
slightly from Mach 2.4 through 7.8. For configurations without fins 
and shrouds, gradients over the same region decrease, compared with 
those near zero, over the entire Mach range from 0.5 through 7.8. This 
would be the expected trend, considering the body shape and fin-shroud 
efficiency as a function of angle of attack. 


B. Variation of Static Longitudinal Stability with 
Mach Number at Angles of Attack near Zero Degrees 

1. Configuration 1 

Figure 22 presents the variation of CNq; and CP/D with M near 
zero degrees a for the Apollo-Saturn V launch vehicle. The gradients 
were derived from the previously presented Cjj versus a and Cmg versus Cj^ 
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curves for a range corresponding with -2 g o; g +2 degrees. Parts (a), 
(b) , and (c) of this figure present static longitudinal stability 
characteristics for the vehicle at 0 = 0, +45, and +90 degrees, 
respectively. Detailed analysis of roll angle trends are presented 
in references 7, 10, and 13 and are therefore not included here. How- 
ever, comments pertinent to these particular tests are included in the 
following paragraphs. 

Figure 22(a) presents data, from five different facilities, for 
the vehicle at zero degrees 0 over a Mach number range from 0.50 through 
7.81. As explained in section II, the CP/D data from MSFC at Mach 
numbers 4.00 and 4.96 disagree with the other data because of laminar 
flow separation. Disregarding those data, it can be seen that where 
the data overlaps there is reasonably good agreement between data from 
the various facilities. The greatest differences occur over the Mach 
number range from 0.7 through 1.2. The maximum variation over this 
range (using the CAL data as a baseline for comparison because test 
conditions there were optimized for accurate gradient determination 
near zero degrees a) is -6.5 percent in Cnq; at Mach 1.1 and +.16 caliber 
in CP/D at Mach 1.2. The average variation of the LTV data over this 
range is 3.6 percent in Cj^q, and +.035 calibers in CP/D. The average 
variation of the MSFC data is -1.9 percent in C^q; and +.055 calibers 
in CP/D. 


Figure 22(b) presents data for the vehicle at +45 degrees over 
a Mach number range from 0.50 through 4.0. Again using the CAL data as 
a baseline, the maximum variations over the transonic Mach number range 
from 0.7 through 1.2 are -7.46 percent in CNq; at Mach number 1.1 and 
+.36 caliber in CP/D at Mach number 1.2. Then limiting the range of 
comparison to Mach numbers from 0.8 through 1.1 so that data points 
from each facility are available at each Mach number, we see an average 
variation of the LTV data of -3.45 percent in Cj^q, and +.068 calibers in 
CP/D. The average variation of the MSFC data is -2.44 percent in CNq; 
and +.15 calibers in CP/D. The average variation of the AEDC 16T data 
is -4.5 percent in CNq, at +.15 calibers in CP/D. 

Figure 22(c) presents data from the vehicle at +90 degrees 0 
over a Mach number range from 0.50 through 4.0. Comparison with the CAL 
data over the Mach number range from 0.7 through 1.2 shows a maximum 
variation of -6.41 percent in CNq, at Mach 1.2 and +.21 calibers in 
CP/D at Mach 1.1. Further comparison shows that the average variation 
of the LTV data over this range is -2.34 percent in CNq, and +.03 calibers 
in CP/D. The average variation of the MSFC data is -1.95 percent in Cj^i^ 
and +.167 calibers in CP/D. 
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It is notable that the above average variations are biased 
instead of being random. The most probable reason for this phenomenon 
seems to be decreased Cj^ resolution resulting from use of the less 
sensitive balances required to obtain data over the high a ranges tested 
at MSFC and LTV. A check of balance design load ranges and sensitivities 
in the test data reports [11, 16, 17 and 23] substantiates this conjec- 
ture. However, that this is not the entire reason is indicated by the 
Cnq, trends over the Mach number range from 1.0 through 1.3. The LTV data 
are considerably lower than the CAL data over this Mach number range for 
all three roll angles; but the. MSFC data agree closely with the CAL data 
at ^ = 0 degrees, not quite so well at jZf = 90 degrees, and, at j2f = +45 
degrees, they agree more closely with the LTV and AEDC 16T data. Since 
the trend at MSFC is somewhat roll-dependent, it may indicate that the 
difference is related to protuberance effects; or since the blockage at 
MSFC, LTV, and AEDC 16T was higher than at CAL, we might suspect tunnel 
interference effects. In any event, the existing data have not yet 
yielded a conclusive explanation. It is also notable that the MSFC 
small-scale model data generally compare as well with the CAL data as 
do the data of the larger scale models. The C^q; data agree a little 
better and the CP/D not quite so well, indicating that in general the 
Ctrie of the MSFC data is a little higher over this Mach number range. 

The dashed line fairing on figure 22(a) is from the Apollo- 
Saturn V aerodynamic design criteria [18], which was derived from these 
and other experimental and analytical data. This curve is presented 
for comparison purposes because interest has been expressed in the magni- 
tude required for the design accuracy band, and experimental inaccuracies 
are certainly one factor to be considered. To avoid cluttering, the 
current design accuracy band of ±6 percent for Cjj^, and +.2 caliber for 
CP/D is omitted. However, examination of the data will show that with 
few exceptions all of the data from the various tests would lie within 
this band. Even the AEDC Tunnel E data, which were obtained after refer- 
ence 18 was published, fall outside the accuracy band only slightly at 
Mach 6.08. 

2. Configuration 2 

Figure 23 presents C^q; and CP/D as a function of Mach number 
for the Apollo-Saturn V launch vehicle without protuberances. Data are 
presented for 0=0 and +45 degrees. Maximum C^q, and the most rearward 
CP/D location occur at Mach 0.9 for both roll orientations, Cnq, at 
0 = +45 degrees is an average of 2.3 percent higher over the included 
Mach range from 0.5 through 1.3 than it is at j2f = 0 degrees. CP/D is 
practically the same at both roll angles. 
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The increase in GNq, is attributed to increased efficiency of the 
fins and shrouds which receive full upwash effects at = 45 degrees [18]. 
The close proximity of the fins and shrouds to the reference center would 
explain the lack of a corresponding change in CP/D. 

3. Configuration 3 

Figure 24 presents C]siq, and CP/D as a function of Mach number for 
the Apollo-Saturn V launch vehicle without fins at 0 = 0 and +45 degrees. 
Again, the maximum and the most rearward CP/D location occur at Mach 
number 0.9 for both roll orientations. Cjjq, at 0 = +45 degrees is an 
average of 3.8 percent higher over the included Mach range from 0.5 
through 1.3 than it is at 0 = 0 degrees. The fact that the difference 
is greater than it was for configuration 2 is attributed to increased 
upwash effects caused by the addition of protuberances. Again, as would 
be expected, only slight differences are noted in the CP/D curves, 

4. Configuration 4 

Figure 25 presents Cjjq, and CP/D as a function of Mach number 
for the Apollo-Saturn V launch vehicle without fins and shrouds at 
0=0, +45, and +90 degrees. 

Figure 25(a) presents data for configuration 4 at = 0 degrees. 
It should again be noted that the MSFC CP/D data points are invalid 
because of LES sepatation (see section II). Other problem areas in 
these data which require comment can be categorically described as 
resulting from data resolution problems. 

The load range of the balance was selected at each facility, 
and the location of the balance in each model was determined to insure 
optimum data resolution for configuration 1. A comparison of figure 
25(a) with figure 22(a) shows that a considerable reduction in Cj^q, and 
a sizeable forward shift in CP/D (see figure 35 also) result when the 
fins and shrouds are removed from configuration 1. The magnitude of 
the effect this had on the data resolution is a function of the test con- 
ditions at each facility, particularly the range of q and a. 

The deviation of the AEDC Tunnel "A" data points from the faired 
curve at Mach 5.91 is attributed to the load reduction caused by removing 
the fins and shroud and to the large reduction (78 percent) between maxi- 
mum q conditions at Mach 1,53 and the minimum q conditions of Mach 5.91, 
The variation of the LTV data from the faired curve, which is based on 
the CAL and AEDC Tunnel "A" data, is attributed in part to the stiff 
balance that had to be used to measure the high normal force loads 
accompanying the a range which exceeded 20 degrees . This made accurate 
load resolution near zero degrees a subject to question even for configure 
tion 1, and particularly questionable for configurations without fins and 
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shrouds. This problem could have been worsened somewhat by increased 
model dynamics resulting from the combination of a heavy model, and a 
CP/D considerably forward of the balance. The same problems were 
experienced at MSFC except the model was not proportionately as heavy 
and the a range was slightly less (16 degrees). 

It is readily apparent that the agreement of data between 
facilities where there is overlapping data is not so good as for con- 
figuration 1, Again using the CAL data as a base line, comparison of 
data over the Mach number range from 0.7 through 1.2 shows maximum 
variations of -9.81 percent in Cnq/ at Mach 0.7 and +.41 calibers in 
CP/D at Mach 0.7. The average variation of the LTV data over this 
Mach number range is -4.2 percent in C^q, and +.12 calibers in CP/D. 

The average variation of the MSFC data is -6.26 percent in Cnq, and 
+.28 calibers in CP/D. As it was for configuration 1 the variation 
is biased rather than random. 

Figures 25(b) and (c) present configuration 4 at ^ = +45 and 
+90 degrees, respectively. Significant scatter and some rather unusual 
trends are attributed to the data resolution problems. Because of these 
problems, analysis of roll angle trends and further comparison of data 
for configuration 4 from the various facilities are not considered 
worthwhile , 

5. Configuration 5 

Figure 26 presents C^q/ and CP/D as a function of Mach number 
for the Apollo-Saturn V launch vehicle without fins, shrouds, and pro- 
tuberances. Most of the data for this configuration were obtained with 
the balance moved 5.5 inches forward of the position it occupied when 
data on configuration 4 were obtained. This brought the balance gage 
center closer to the CP/D location, and the total pressure was increased; 
thus, data trends are somewhat smoother than they were for configuration 4. 

6. Configuration 6 

Figure 27 presents Cj^^, and CP/D as a function of Mach number 
for the Apollo-Saturn V launch vehicle without the LES and CM. The 
dashed line fairing is taken from reference 8, which is the current 
static aerodynamic design criterion for the aborted Apollo-Saturn V 
launch vehicle, and which was derived from these and other pressure 
and force data. The dashed line fairing of reference 8 is presented 
in support of the fairing described here since only a few data points 
were obtained during these tests. 


14 



C. Variation of Axial Force Coefficient with Mach Number 
at Angles of Attack near Zero Degrees 

General 

At OL = 0° there should be no significant variation of axial force 
with 0 for these configurations. Therefore, data in this section are 
presented only for the 0=0 degree case except for the AEDC 16T con- 
figuration 1 which was tested only at ^ = +45 degrees, 

1. Configuration 1 

The axial force coefficient is shown in figure 28 as a function 
of Mach number for the Apollo-Saturn V launch vehicle. Except for the 
MSEC data, the agreement of data from the various facilities is within 
reasonable limits. The AEDC 16T data are considered to be the most 
accurate because of the more accurate determination of as discussed 

in section II, Only the nominal Reynolds number data from AEDC 16T are 
presented on this figure. Data at all three Reynolds numbers are pre- 
sented in figure 38 for C^^£, 

The greatest variation in C^f between facilities occurs from 
Mach 0.5 through 2,0. Using the CAL data as a base line for comparison -- 
to be consistent with the stability analysis -- we can see that, over the 
Mach number range from 0.8 through 1.2, where there are overlapping data, 
the average variation of C^£ is -4.2 percent for the LTV data, -3.8 per- 
cent for AEDC 16T data, and -23.2 percent for the MSEC data. 

None of the average variations are considered to be excessive 
except that for the MSEC data. The fact that the MSEC data are con- 
siderably lower than the other data is attributed to smaller protuberance 
effects -- particularly from the base flow deflectors -- than were obtained 
on the larger scale models. This conclusion is based on data from refer- 
ences 4 and 17 which showed that removing the base flow deflectors from 
the small scale model tested at MSEC had no effect on CAf, while removing 
them from the model tested at CAL caused a reduction in Caj varying from 
51 percent at Mach 0.5 to 11 percent at Mach 1.3. 

The dashed line fairing on figure 28 is from the static aero- 
dynamic design criteria [18]. 

2. Configurations 2 and 3 

figures 29 and 30 present the variation of axial force coef- 
ficient with Mach number for the Apollo-Saturn V launch vehicle without 
protuberances and without fins, respectively. These data, obtained only 
at CAL, are believed to be valid in both magnitude and trend. 


15 



3. Configuration 4 


Figure 31 presents the variation of axial force coefficient with 
Mach number for the Apollo-Saturn V launch vehicle without fins, shrouds, 
and base flow deflectors. 

The agreement of the MSFC data with those from the other facil- 
ities is better than it was for configuration 1. This improvement is 
attributed to the absence of the base flow deflectors. 

The AEDC Tunnel "E" data point at Mach number 5.04 is erroneous 
because of flow impingement on the balance-cooling water lines which, 
after the fins and shrouds were removed, were not very well shielded 
from the airs tr earn [11]. 

The AEDC Tunnel "A" C^rj and Cj^^ data points at Mach 1.53 were 
affected by the shock reflection previously discussed in section II. 

Over the Mach number range from .7 through 1.2, where there are 
overlapping data, the average variation of the LTV data from the CAL data 
is -9.0 percent. 

4. Configuration 5 

Figure 32 presents the variation of axial force coefficient with 
Mach number for the Apollo-Saturn V launch vehicle without fins, shrouds, 
and protuberances. These data were obtained at higher Reynolds numbers 
than the data for configuration 4. The magnitude and trends of the data 
presented are believed to be valid. 

5. Configuration 6 

Figure 33 presents the variation of axial force coefficient with 
Mach number for the Apollo-Saturn V launch vehicle without the LES and CM. 
The dashed line fairing for C^'p is from the current static aerodynamic 
data for the aborted Apollo-Saturn V launch vehicle [8]. This fairing 
was derived from these and previous force and pressure data. It is pre- 
sented to support the solid-line fairing since the relatively few data 
points obtained during this test required a good deal of judicious 
interpolation to arrive at the presented curve. 


16 



D. Variation of Static Longitudinal Stability with Mach Number 
at Angles of Attack from +2 to +20 Degrees 

1 . Cpf versus M 

Figure 34(a) presents Cjq as a function of Mach number for 
2 g CH ^ 20 degrees. The Cjij variation with Mach number is small at low 
angles of attack. The transonic peak is primarily a function of fin, 
shroud, and protuberance influence as indicated by figure 36. At 
angles of attack greater than 10 degrees, body lift becomes significant 
and produces a peak which increases in magnitude with increasing a,. The 
location of this peak varies with a between Mach number 2.5 and 3.5. 

Evidence is presented in reference 25 that the dip seen at 
Mach 1.10 is caused by local shocks in the tailbarrel region. Shadow- 
graphs obtained during the test reported in reference 12 verify the fact 
that local shocks in the tailbarrel region are much stronger at Mach 1.10 

The dashed lines indicate the ±6 percent error band for the 
static aerodynamic design curves presented in reference 18. The curves 
themselves are not presented because their close proximity to the fair- 
ing of these data would create confusion. With few exceptions, all data 
presented from the different facilities lie within this error band even 
though, in some instances, the fairing is obviously conservative. A 
notable exception is the fairing at a = 8 degrees which should obviously 
be lower above Mach 2.75. 

The average variation from the arithmetic mean of the data from 
CAL, LTV, and MSFC over the Mach number regime from ,7 to 1.2 ranges 
from 5 percent at a = 2 degrees to 2 percent at a =10 degrees. From 
10 to 16 degrees, the MSFC and LTV data generally agree within ±1 percent 
of their arithmetic mean. Variations would be only slightly greater if 
the CAL data were used as a base line as done for the gradients near zero 

2. CP/D versus M 

Figure 34(b) presents CP/D as a function of Mach number for 
2 ^ a S 20 degrees. As before, the dashed line represents the accuracy 
band (±.2 calibers) of the design curves presented in reference 18, As 
can be seen, most of the data lie within this band. 

The agreement of the CAL, LTV, and MSFC data over the Mach range 
from .7 to 1.2 is generally very good. The variation from the arithmetic 
mean is less than .1 calibers at all angles with the exception of a few 
points at Mach numbers 1.1 and 1.2. As was true near zero degrees, the 
CP/D data from MSFC are always greater (more forward) than the CP/D data 
from the other facilities over the transonic Mach number range. 
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E. Effects of Fins, Shrouds, and/or Protuberances on the 
Variation of Static Longitudinal Stability with Mach 
Number at Angles of Attack near Zero Degrees 

Figure 35 presents the effects of fins, engine shrouds, and pro- 
tuberances on the static longitudinal stability characteristics of the 
Apollo-Saturn V launch vehicle at = 0 degrees. The symbols on this 
figure do not represent discrete experimental data points, but they 
rather represent a difference in the faired data of the various con- 
figurations indicated on the legend. 

These components have a significant effect on the total launch 
vehicle throughout the Mach number range from 0,5 through 7,8, but are 
the most effective in the transonic range where the combined effects of 
removing the fins, shrouds, and protuberances from the total vehicle 
(configuration 1) cause a maximum forward shift in CP/D of 3,3 calibers 
at Mach 1.1 and a maximum decrease in of -57 percent at Mach 0,7. 

The fin-shroud curve also includes base flow deflectors, but accord- 
ing to reference 5, these have no effect on the static longitudinal 
stability. 


F. Effects of Reynolds Number on the Static Longitudinal Stability 
Variation with Mach Number of Angles of Attack Near Zero Degrees 

Figure 36 presents the variation of Cnqj and CP/D with M near zero 
degrees O! for the Apollo-Saturn V at 0 = +45 degrees. These gradients 
were derived from the previously presented basic data for an angle-of- 
attack range of ±2 degrees. Although only data from the AEDC 16T test 
are presented, the results of Reynolds number variations at the other 
facilities are in agreement with the data presented. 

As seen in Table 1, three different Reynolds numbers were run at 
each Mach number. The Reynolds numbers run were the highest and lowest 
possible as determined by facility limitations, and a nominal value was 
run to supplement these two values. The Reynolds numbers obtained are 
compared in figure 6 with the Reynolds numbers for the other tests pre- 
sented herein and with the trajectory Reynolds numbers for the full- 
scale flight vehicle. 

The faired curve is based on the arithmetic mean of the three sets 
of data. The variation of both C^q; and CP/D is slight. A maximum 
variation from the arithmetic mean of ±1.9 percent in Cnq; at Mach 1.2 
and ±.07 calibers in CP/D at Mach 1.2, The average variation across 
the Mach range from .6 through 1.3 is ±1.35 percent for and ±,06 
calibers for CP/D. Actually, for most Mach numbers, these variations 
are within the accuracy range which might be expected of experimental 
data, and no consistent trends as a function of Reynolds number are 
apparent. 
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G. Effect of Reynolds Number on the Forebody Axial Force Coefficient 
Variation with Mach Number at Angles of Attack near Zero Degrees 

Figure 37 presents the variation of with Mach number near zero 
degrees a for the Apollo-Saturn V launch vehicle at 0 = A-5 degrees. 

The faired curve is based on the arithmetic mean of the three sets 
of data. A variation from the arithmetic mean of 14.3 percent at Mach 
0.60 and of ±6.4 percent at Mach 0.80 is observed. At the higher Mach 
numbers, the variation decreases to approximately ±3 percent or less. 
The average variation over the Mach number range from 0,6 through 1.3 
is ±5 percent. 

The large variation at Mach numbers 0.6 and 0.8 is attributed in 
part [20] to a trend of decreasing with increasing Reynolds number 
which is caused by the influence of Reynolds number on the skin fric- 
tion component of Ca^. 


H, Effects of Reynolds Number on the Static Longitudinal Stability 
Variation with Mach Number at Angles of Attack from 2 to 16 
Degrees 

Figure 38 presents the variation of and CP/D with M for the 
Apollo-Saturn V launch vehicle at 2 g a g 16 degrees and 0 = +45 degrees. 
Three Reynolds numbers were tested at each Mach number. The faired curve 
is based on the arithmetic mean of the three sets of data. The average 
variation of the data from this mean over the Mach number range from .6 
through 1.3 is less than ±2 percent for at all angles and less than 
±, 1 calibers for CP/D at all angles except 4 degrees, where it went to 
±.18 calibers. 

As previously explained, the dip in the Cj;i curve and the correspond- 
ing forward movement of CP/D near Mach 1.1 is attributed to local shocks 
in the tailbarrel region. Even though the range of Reynolds number at 
which this model was tested overlapped the Reynolds numbers at which the 
smaller models were tested, this trend is much more evident for all 
Reynolds numbers at which this model was tested than it was for the 
smaller models. However, the C]^ dip is less prominent for the low 
Reynolds number case. There also seems to be a slight tendency for C]^ 
to decrease and CP/D to increase with increasing Reynolds number, but 
the trend is not consistent at all Mach numbers and the differences are 
so small that a conclusive statement is not possible. 
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IV. CONCLUSIONS 


It is shown that the agreement of small-scale model data from the 
MSFC 14- inch wind tunnel with data from the larger models and tunnels 
is good with one exception. The C^£ data were significantly lower in 
the transonic Mach number regime for the MSFC model because the effect 
of the base flow deflectors was not correctly simulated. This indicates 
that caution should be exercised when seeking to simulate protuberance 
effects on this size model. 

Correlation of data from the different tests -- even gradients near 
zero for the high a, tests -- is adequate except for configurations with- 
out fins and shrouds. It is evident that a more sensitive balance 
should have been used for these configurations. 

A reduction in Cn and corresponding increase in CP/D at Mach 
number 1.1 is attributed to local shocks in the tailbarrel region. 
However, this trend is not seen over the range to a = 10 degrees and 
Mach number = 1.3 when the external protuberances forward of the engine 
shrouds are removed; apparently because of changes in the boundary 
layer. The trend is most prominent for the largest model tested and 
seemed to increase slightly with increasing Reynolds number. It is 
therefore considered a valid trend for the full scale vehicle. 

The accuracy band presented in the current static aerodynamic 
design criteria is shown to adequately contain experimental inaccuracies 
over a wide range of test conditions if proper experimental procedures 
are followed. 
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Facility 


MSFC 
14” TWT 


LTV 

4' HSWT 


CAL 
8' TWT 


AEDC 40” 
TUNNEL A 


TABLE I 

TABLE OF TEST CONDITIONS 


Nominal 
Mach No. 



Nominal 

Nomina! 

Nominal 

Pj (psia) 

Tt (‘’R) i 

« (deg) 


Model 

Scale 



4.2 

5.3 

5.8 & 9.2 

6.1 

6.3 & 9.1 

6.4 

6.5 & 9.1 

6.5 
6.2 
6.7 

4.3 

6.4 
5.0 


22 

22 

22 Sc 34 
22 

22 & 31 
22 

22 & 30 
22 
22 
28 
30 
75 
90 


0.70 

7.2 

28 

548 

0.80 

7.6 

28 

570 

0.90 

7.4 & 9.5 

27 & 29 

574 

1.00 

7.0 

24 

572 

l.io 

7.1 

25 

583 

1.20 

7.4 & 10.5 

25 & 37 

576 

1.41 

6.7 

24 

598 

1.61 

7.2 & 11.0 

25 & 41 

558 - 583 

2.00 

6.3 

29 

609 

2.41 

6.5 & 13.9 

38 & 76 

623 - 590 
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TABLE I (Concluded) 


Facility 

Nominal 
4Vlach No. 

Nominal 
R^/Ft xIO"* 

Nominal 

(psia) 

Nominal 
Tt (“R) 

Nominal 
a (deg) 

Model 

Scale 

AEDC 

0.60 

0.7, 2.8 & 5.7 

3, 13 6 26 

572 

-3 to +16 

41 

16’ TWT 

0.80 

0.8, 3. 3 6 6.4 

3, 13 6 25 

572 




0.90 

0.9 ,3.4 66.2 

3, 13 & 22 

572 




1.00 

0.9,3. 6 & 6.0 

3, 13 & 21 

572 




1.05 

3.6 

13 

572 




1.10 

0.9, 3. 6 6 5.7 

3, 13 & 20 

572 




1.15 

3.6 

13 

572 




1.20 

0.9, 3. 6 6 5.3 

3, 13 & 18 

572 




1.30 

0.9,3. 0 6 4.9 

3, 10 6 17 

572 




1.40 

2.4 6 4.2 

8 & 15 

572 
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Figure 1 TEST CONFIGURATIONS 







Figure 2 Model Geometry — APOLLO-SATURN V Launch Vehicle 












^UN1S4 
£28 66 


Configuration 2 ; <#> = 0° 





RUNH6 p 
S 27 661 


Configuration !;<#>= 90° 

Figure 3 Photographs from CAL 8-Foot TW.T. of Typical Model 
Installations of .9% APOLLO- SATURN V Launch Vehicle 
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Configuration 4 ; ^ = 0® 



RUN fas 

' r: . 


Configuration 3 ; <#> = 45° 
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Figure 3 Concluded 







Figure 4 Photographs from MSFC 14 -Inch T.W.T of Typical Model 

Installations of .3366% APOLLO - SATURN V Launch Vehicle 







Figure 5 Photograph from AEDC 16- Foot T.W.T. of Typical Model 
Installation of 4% APOLLO - SATURN V Launch Vehicle 
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Figure 6 Variation of Reynolds Number with Mach Number for the APOLLO-SATURN 
V Launch Vehicle - Experimental Test Conditions Compared to Data for 
Typical Trajectory 
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Figure 7 Static Aerodynamic Characteristics of the APOLLO-SATURN V 
Launch Vehicle in the CAL 8-Foot Transonic Wind Tunnel 
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(a) Concluded ; <^=0° (M=l.00-I.30) 
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(c) Concluded : ^= 45 “ (M=l. 00 -I. 30 ) 
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Force Coefficient . 
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Normal Force Coefficient 
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(e) Concluded : <^=90® (M= 1.00-1.30) 
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Normal Force Coefficient 
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Figure 8 Static Aerodynamic Characteristics of the APOLLO-SATURN V Launch Vehicle 
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Normal Force Coefficient 
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(c) Concluded : <^=45'’ (M=l.00-I,30) 
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Normal Force Coefficient, 
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Figure 9 Static Aerodynamic Characteristics of the APOLLO -SATURN V Launch Vehicle 
without Fins in the CAL 8-Foot Transonic Wind Tunnel 
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(c) Concluded (^=45® (M=l. 00-1.30) 
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Normal Force Coefficient , Cfj 
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Figure 10 Static Aerodynamic Characteristics of the APOLLO -SATURN V Launch Vehicle without 
Fins, Shrouds, and Base Flow Deflectors in the CAL 8-Foot Transonic Wind Tunnel 
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(a) Concluded <^=0°(M= 1.00-1.30) 
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Normal Force Coefficient , 
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Normal Force Coefficient 
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(a) Cfj vs. a : <^=0° (M=l. 53-2.99 ) 

Figure II Static Aerodynamic Characteristics of the APOLLO -SATURN 
Launch Vehicle in the AEDC/VKF 40- Inch Supersonic Tunnel " 
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(a) Concluded: (^=0° (M=3.00-5.9I ) 
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Figure 1 1 Continued 
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Figure 12 Static Aerodynamic Cbarocteristics of the APOLLO-SATURN V Launch Vehicle Without 
Fins, Shrouds, and Base Flow Deflectors in the AEDC/VKF 40-Inch Supersonic Tunnel 
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Figure 13 Static Aerodynamic Characteristics of the APOLLO-SATURN V 
Launch Vehicie in the LTV 4-Foot High Speed Wind Tunnel 
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Figure 13 Continued 
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Figure 1 3 Continued 
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Figure i3 Continued 
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(c) Concluded : <i = 45” (M=I.4I -2.99) 
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Figure 13 Continued 



Symbol Mach No. Facility Configuration <h Rm/FT 



Figure 1 3 Continued 
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Figure 1 3 Continued 
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Figure 14 Static Aerodynamic Characteristics of the APOLLO-SATURN V Launch Vehicle without Fins, 
Shrouds, and Base Flow Deflectors in the LTV 4- Foot High Speed Wind Tunnel 



83 


(a) Concluded : <6 = 0° ( M = 1.40-2.99) 
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Normal Force Coefficient, 
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Figure 14 Continued 
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Figure 1 4 Continued 
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Normal Force Coefficient 
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Figure 15 Static Aerodynamic Characteristics of the APOLLO- SATURN V Launch Vehicle without 
Fins, Shrouds and Protuberances in the LTV 4-Foot High Speed Wind Tunnel 
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Normal Force Coefficient 
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Figure 16 Static Aerodynamic Characteristics of the APOLLO-SATURN V Launch Vehicle 
without LES and Command Module in the LTV 4-Foot High Speed Wind Tunnel 
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Normal Force Coefficient, 
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Figure 17 Static Aerodynamic Characteristics of the APOLLO - SATURN 



Figure 17 Continued 



Figure 17 Continued 
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Figure 17 Continued 
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Figure I7 Continued 
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(e) Concluded ; ^^ = 90'* { M= 1.19 -4.00) 
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Figure 18 Continued 
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Figure 18 Continued 
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Figure 1 8 Continued 



Figure 18 Continued 



Normal Force Coefficient, C 





120 


Nq ‘tuapiiiaoo aojoj idiujon 


Figure 18 Continued 
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(e) Concluded; <i='90° ( M = l.20-4.00) 
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Figure 18 Continued 
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Normal Force Coefficient, 





Rgure 19 Static Aerodynamic Characteristics of the APOLLO-SATURN 











Figure 20 Static Aerodynamic Characteristics of the APOLLO- SATURN V Launch Vehicle without 
Fins, Shrouds, and Base Flow Deflectors in the AEDC/VKF 12 Inch Hypersonic Tunnel "E 
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Figure 21 Static Aerodynamic Characteristics of the APOLLO-SATURN V 
Launch Vehicle in the AEDC/PWT 16 -Foot Transonic Tunnel 
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Figure 21 Continued 
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Figure 21 Continued 
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Figure 21 Continued 






No ‘jUajOliiSOQ 80JOJ |DUUJO[\| 


132 


(a) Concluded: (j^)=45'’ (M = 1.30-1.40) 
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Normal Force Coefficient, C|\i 
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Normal Force Coefficient, 



Buiq ‘ 4U8!0!j.^aoo (uauioiAJ 6uma*!d 


135 


Normal Force Coefficient, 
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Normal Force Coefficient, C[\| 
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Normal Force Coefficient, C|\| 



Figure 22 Variation of Normal Force Coefficient Gradient and Center of Pressure 

with Mach Number for the APOLLO - SATURN V Launch Vehicle (a«0®) 
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Figure 22 Concluded 
























Figure 24 Variation of Normal Force Coefficient Gradient and Center of Pressure with 
Mach Number for the APOLLO-SATURN V Launch Vehicle without Fins (a«0°) 
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Mach Number, M 
{a)4>=0^ 

Rgure 25 Variation of Normal Force Coefficient Gradient and Center of Pressure with Mach Number 

for the APOLLO - SATURN V Launch Vehicle without Fins, Shrouds , and Base Flow Deflectors (a«0*) 
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Figure 25 Continued 
























Mach Number , 
{c)4> = 90° 
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Figure 26 Variation of Normal Force Coefficient Gradient and Center Figure 27 Variation of Normal Force Coefficient Gradient and Center 

of Pressure with Mach Number for the APOLLO-SATURN V of Pressure with Mach Number for the AP0LL0-5ATURN 

Launch Vehicle without Fins , Shrouds, and Protuberances (aKO°) Launch Vehicle without LES and Command Module (awO°) 
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Figure 28 Variation of Axidi Force Coefficient with Mach Number 
for the APOLLO - SATURN V Launch Vehicte (a » Of) 
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Figure 29 Variation of Axial Force Coefficient with Mach Figure 30 Variation of Axial Force Coefficient with 
Number for the APOLLO- SATURN V Launch Mach Number for the APOLLO - SATURN 

Vehicle without Protuberances (a«0°) V Launch Vehicle without Fins (awO“) 
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Figure 31 Voriation of Axial Force Coefficient with Mach Number for the APOLLO-SATURN 
Launch Vehicle without Fins, Shrouds, and Base Flow Deflectors ( a » 0® ) 
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Figure 34 Variation of Normal Force Coefficient and Center of Pressure with Mach 
Number and Angle of Attack for the APOLLO- SATURN V Launch Vehicle 






Figure 34 Continued 
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(a) Continued : <^=0° (a=l2°a 14°) 
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(a) Continued : ^=0° (a=16°&i8°) 
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(b) Continued: <^>=0° (a=8°,IO°,l2°) 
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(b) Continued: (^ = 0° (o =14 ai6) 
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(b)Concluded : </)=0®(a=l8®a20°) 
Figure 34 Concluded 
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Figure 35 Effect of Fins, Shrouds and Protuberances on the 
Variation of Normal Force Coefficient and Center of 
Pressure with Mach Number for the APOLLO- 
SATURN V Launch Vehicle (awO°,<^ = 0°) 
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Figure 36j Effect of Reynolds Number on the Variation of Normal Figure 37 Effect of Reynolds Number on the Variation bf 
Force Coefficient Gradient and Center of Pressure with Forebody Axial Force Coefficient with Mach 

Mach Number for the APOLLO -SATURN V Launch Number for the APOLLO -SATURN V Launch 

Vehicle (a «0° , <A = 45®) Vehicle (a «0° , 45®) 
















Normal Force Coefficient , 



(a) Cn vs. M ; (a = 2®- 16°) 

Figure 38 Effect of Reynolds Number on the Variation of Normal Force Coefficient and • 
Center of Pressure with Mach Number and Angle of Attack for the APOLLO- 
SATURN V Launch Vehicle (cf>= 45°) 
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CP/D, Calibers Forward of Vehicle Station 100 (Gimbal Station) 






(b) CP/D vs. M: (a= 2®-8°) 


Figure 38 Continued 
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CP/D, Calibers Forward of Vehicle Station IOO(Gimbal Station) 




(c) Concluded: (a = 10“- 16®) 
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Figure 38 Concluded 
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